Objectives-To determine the value of allometric parameters for ultrasound measurements of the oblique external (OE), oblique internal (OI), and transversus abdominis (TrA) muscles in adolescent athletes. The allometric parameter is the slope of the linear regression line between the log-transformed body mass and logtransformed muscle size measurement.
T he morphologic characteristics and behavior of the lateral abdominal muscles have usually been assessed by ultrasound (US) imaging or magnetic resonance imaging. Regardless of the measurement tool, some studies have shown that a relationship exists between the size of the lateral abdominal muscles and low back pain (LBP) in nonathletes and adult athletes. [1] [2] [3] Another study showed that in athletes, transversus abdominis muscle (TrA) thickness decreased over the playing season and recovered by the start of the next season. 4 It was also found that the TrA had significantly less thickness in athletes with LBP. 5 In adolescent athletes, the 1-year and lifetime occurrences of LBP were found to be 57% and 66%, respectively; these findings clearly show that LBP is a common symptom in adolescent athletes. 6 Other studies showed that in 8 sport groups that were analyzed, LBP occurred significantly more often in adolescent athletes than in nonathletes, with a highest odds ratio of 3.8. 7 Additionally, another study suggested that playing some sports is one of the factors associated with adolescent chronic LBP. 8 Due to that suggestion, an assessment of the lateral abdominal muscle morphologic characteristics and LBP in adolescent athletes was also performed. To our knowledge, there was only 1 study on this topic in which results showed that athletes with LBP had lesser oblique internal (OI) muscle thickness than those without LBP, suggesting modified trunk control in the transverse/ frontal plane. 9 Thus, it can be hypothesized that a relationship between LBP and lateral abdominal muscle morphologic characteristics in adolescent athletes may exist, and such a possibility will need further investigation.
As a simple and cost-effective tool, US has been commonly used to assess the lateral abdominal muscles in large and different populations. It was shown that US was an effective tool for assessing lateral abdominal muscle thickness in adolescents [10] [11] [12] and that US measurement of the TrA and OI muscle thickness correlates with measures obtained by magnetic resonance imaging. 13 However, US measurements of the lateral abdominal muscles have some potential confounders, which may influence the results. It has been confirmed that body mass is a significant confounding factor affecting the thickness of the lateral abdominal muscles in adolescent populations. 14, 15 Thus, this fact seems to be particularly important during research on adolescent populations, in which changes in body mass occur very quickly and sometimes double between the ages of 10 and 17 years. 16 Therefore, before beginning a study assessing the potential relationship between LBP and lateral abdominal muscle morphologic characteristics in adolescent athletes, it seems necessary to normalize measurements of the lateral abdominal muscles to account for body mass.
Researchers suggest that allometric scaling is the best way to compare lateral abdominal muscle thickness measurements across individuals with varying body masses and across time intervals. 17 Allometric scaling is based on the theory of geometric symmetry, which suggests that all humans have the same shape but are of different sizes, and the parameter is obtained by dividing the particular measurement by the body mass of the individual, raised to an exponential power. 18 In practice, it is necessary to assess the allometric parameter (the socalled exponential power), which is the slope of the linear regression line between the log-transformed body mass and log-transformed lateral abdominal muscle thickness. To date, the allometric parameters for the oblique external (OE), OI, and TrA muscles have been calculated for a healthy adolescent population. 19 The obtained results showed that these allometric parameters normalize measurements of the lateral abdominal muscle thickness to the body mass, and the muscle thickness values obtained in this way show nearly no correlation with the body mass of the examined respondents, eliminating one of the most important confounding factors (body mass) existing in the adolescent period. 19 However, in the above-mentioned study, the participants attended regular school classes at a normal grade level. 19 It may be that participating in professional sports training and regular physical activity could influence lateral abdominal muscle thickness when comparing adolescents with a more sedentary lifestyle (hypokinesis) but the same body mass. Such a possibility was clearly shown in a study by Sitilertpisan et al, 20 in which athletes had significantly thicker lateral abdominal muscles than nonathletes in spite of the same body mass value. The explanation for this finding is muscle hypertrophy in athletes caused by regular training and competition. It also clearly suggests that the level of the relationship between lateral abdominal muscles and body mass in athletes is different from that in nonathletes. Thus, the allometric parameters assessed for general adolescent populations may not be proper enough for adolescent athletes. Consequently, the aim of this study was to determine the value of the allometric parameters for US measurements of the OE, OI, and TrA muscles in adolescent athletes. These parameters will allow researchers to assess lateral abdominal muscle thicknesses in future studies on adolescent athletes independent of body mass. Such normalization can also hypothetically facilitate comparison of the results from different studies in which the same allometric parameters were used.
Materials and Methods

Setting and Study Design
This cross-sectional study was conducted in the Sports and Recreation Center in the Silesian region of Poland. Data were collected during baseline assessments for a controlled trial that investigated the effects of balance exercises on lateral abdominal muscles and dynamic and static balance in adolescent football players (ACT RN12616000390482). The study was designed according to the Declaration of Helsinki and was approved by the local Medical Ethics Committee. All participants and their parents or legal guardians received oral and written information about all procedures and gave their signed informed consent to participate.
Study Population
A study population between the ages of 10 and 19 years was selected from the semiprofessional football club. At the beginning of the study, participants answered questions related to their medical history. In the case of younger children (<12 years), at least one of their parents was present during the examination (if not available, parents received a short medical questionnaire to fill in). Information from a coach and physiotherapist working in the club regarding the children's health was also analyzed. At this stage, individuals who had had a surgical procedure on the pectoral chest, abdominal cavity, pelvic girdle, or spine were excluded.
In the next stage of the selection, the inclusion criterion was performing regular physical activity. In accordance with the proposed definition, 12 only individuals who had played a sport for at least 2 years and at least twice a week (with the exception of off-season periods) were included in the study. Such participation was confirmed by sports club documents.
Ultrasound Scanning Procedure A real-time B-mode US scanner (HS 2100; Honda Electronics Co, Ltd, Medical Division, Toyohashi, Japan) with a linear array transducer (HLS-575M) was used to obtain images of the abdominal muscles. The penetration depth was 5.39 cm at a sampling frequency of 7.5 MHz. The transducer was always placed on the anterolateral wall of the abdomen between the iliac crest and the costal margin, perpendicular to the longitudinal axis of the body, and was finally adjusted to ensure that, at rest, the fascial borders of the 3 muscles (TrA, OI, and OE) appeared parallel on the screen. To diminish the applied load to the skin, a necessary portion of hypoallergenic transduction gel was used as a coupling agent between the skin of the participant and the transducer.
Measurements of the thickness of the OE, OI, and TrA muscles at rest were made in the supine rest position. In this position, the knees of the examined individuals were extended and the upper limbs placed along the sides of the trunk. 10 The thicknesses of the muscles were measured at the end of normal expiration. All images were saved on an external drive in the jpg format.
To increase precision of the measurements, all images were transferred to a computer, where they were further processed with Photoshop software (Adobe Systems, Inc, San Jose, CA), which has been used previously for the evaluation of lateral abdominal muscle thickness in adolescents. 12, 21 The detailed protocol for editing the images was presented in a prior study. 19 In this study, the mean of 3 measurements (from 3 separate images) of the OE, OI, and TrA muscles obtained from the US examination was used for further analysis. All US procedures were performed by a single investigator for all participants.
Body Mass Assessment
An ALFA stabilometric platform (AC International East, Knur ow, Poland) was used to assess body mass. During measurement, all participants were barefoot and shirtless.
Statistical Analysis
Data were analyzed with Statistica (Tulsa, OK) software. Statistical significance was set at P < .05. A Pearson correlation analysis was used to evaluate the relationships. Simple linear regression was used to assess relationships between body mass and the OE, OI, and TrA muscle thicknesses before and after the normalization. To check the side-to-side differences of the OE, OI, and TrA muscles, a t test for paired samples was performed. In all cases, the homogeneity of variance for each variable was confirmed by the Levene test.
The allometric parameters necessary for the scaling procedure were initially derived. The parameters are the slopes of the linear regression lines between the logtransformed body mass and log-transformed muscle size measurements.
18,22 The derived allometric parameters were then used to normalize the muscle size measurements to body mass by using the following equation:
where A is the allometric-scaled muscle size measurement; M is the muscle size measurement; B is body mass; and s is the derived allometric parameter.
18,22
Results
Participants
The study included 114 male adolescent athletes (mean age 6 SD, 12.9 6 2.5 years; body mass, 46.6 6 13 kg; body height, 158.3 6 14.3 cm; and body mass index, 18.2 6 2.6 kg/m 2 ). Their mean duration of participation in football was 5.35 6 2.4 years (range, 2-12 years). The mean interval was 2.6 6 0.5 sessions per week (range, 2-4 sessions per week).
Side-to-Side Differences
The t test analysis revealed significant differences between right and left body sides for the OE (P 5 .02) but no significant differences for the OI and TrA (P > .05).
These results allowed us to estimate the allometric parameters based on the mean values of the muscles for both sides of the body for the OI and TrA and for the left and right body sides for the OE separately (Table 1) .
Correlation Between Body Mass and Muscle Thickness
The rest thicknesses of the OE, OI, and TrA muscles on US imaging were strongly positively associated with the body mass (in all cases, P < .001). The highest correlation was obtained for the OI (r 5 0.79; R 2 5 0.63); a slightly lower correlation was obtained for the OE (right side, r 5 0.76; R 2 5 0.57; left side, r 5 0.71; R 2 5 0.51); Correlation Between Body Mass and AllometricScaled Muscle Thickness At this point, the allometric parameters assessed for the general adolescent population, derived from the study by Linek et al, 19 were used for normalization of the OE, OI, and TrA muscles. With the use of these parameters, an almost significant but low correlation was found for the OE on the left side (r 5 20.17; P 5 .06), whereas no significant correlations (P > .30) were found for the OE on the right side (r 5 20.11), the OI (r 5 20.08), and the TrA (r 5 0.001; Figures 1 and 2 , center).
Allometric Scaling for the Study
The allometric parameters (s in the equation) were 0.766 for the OE (the mean values for the right and left allometric parameters were 0.7896 and 0.7431, respectively), 0.6738 for the OI, and 0.6082 for the TrA. With the use of these parameters, no significant correlations were found between body mass and the allometricscaled thickness of the OE (right side, r 5 0.04; R 2 5 0.02; left side, r 5 20.02; R 2 < 0.001), OI (r < 20.001; R 2 < 0.001), and TrA (r 5 0.004; R 2 < 0.001; Figures 1 and 2, right) .
Discussion
Body Mass
This study confirmed that the thicknesses of the OE, OI, and TrA muscles are strongly correlated with the body mass of adolescent athletes because the results showed that body mass accounted for 41% to 63% of the variance in abdominal muscle thickness measurements. In healthy nonathlete adolescents in a similar age group, 15, 19 it was found that the variance was lower (28%-49%) than in a healthy adult population in which body mass accounted for 29% to 41% of the variance in the abdominal muscle thickness measurements.
14 A detailed analysis of each lateral abdominal muscle showed that in comparison with a nonathlete adolescent population, the coefficient of determination in adolescent athletes was higher by greater than 10% for the TrA and OI and similar for the OE. Such between-study differences were probably attributable to a wider age span in adolescent athletes (10-19 years) compared with non-athletes (10-17 years). When we compared the results with the adult population, 14 the coefficient of determination was identical for the TrA (41%) and much higher for the OE and OI (25% and 34%, respectively) in adolescent athletes. Thus, the results clearly Figure 2 . Relationship between body mass and the OI and TrA muscles before and after normalization.
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suggest that normalization of the lateral abdominal muscles for adolescent athletes is also necessary and that sport training does not change it.
Allometric Parameters
The main purpose of this study was to determine the proper values of the allometric parameters for adolescent athletes, which normalize US measurements of the OE, OI, and TrA muscles in relation to body mass. To our knowledge, this study is the first to present estimated values of the allometric parameters for normalization of the lateral abdominal muscles to body mass in adolescent athletes between 10 and 19 years. The allometric parameters achieved in this study were 0.77, 0.67, and 0.61 for the OE, OI, and TrA muscles, respectively. In a similar study conducted on a general adolescent population (10-17 years), the allometric parameters were 0.88, 0.72, and 0.61 for the OE, OI, and TrA muscles. 19 In this study, we assessed how the allometric parameters from the study by Linek et al 19 normalize the actual thicknesses of the lateral abdominal muscles in adolescent athletes. The results showed that normalized thicknesses of the lateral abdominal muscles showed much less correlation with body mass but were almost significant for the OE on the left side. When the allometric parameters calculated in this study were used to normalize the thicknesses of the OE, OI, and TrA muscles, the correlations were nonsignificant and close to 0 for all muscles on both sides of the body.
It is promising that allometric parameters for the OI and TrA prepared for nonathletes can be used by athletes between 10 and 19 years of age. However, if we use the allometric parameters from the general adolescent population to assess allometric-scaled OI thickness, the results may be a bit underestimated in athletes (see Figure 2 , OI values on regression lines). With regard to the OE muscle, the allometric parameter for adolescent athletes should be around 0.77 rather than 0.88. A similar study was performed in 62 male firefighters by Nuzzo and Mayer, 17 who reported the following values of the allometric parameters: 0.775 (OE), 0.348 (OI), and 0.399 (TrA). Only the OE parameter was similar to that achieved in this study, and the parameters differed significantly for the TrA and OI.
This study confirmed that body mass should be taken into account when comparing lateral abdominal muscles in scientific research on adolescent athletes. Thus, it is necessary to control body mass (even though the groups are well matched) by allometric scaling or by including body mass as a covariate in a statistical model. However, such a statistical procedure requires some assumptions (analysis of variance and analysis of regression) to be properly performed and does not allow comparisons of the lateral abdominal muscle thicknesses between different studies. Therefore, allometric scaling seems to be a more appropriate and more practical method for reducing the confounding effects of body mass in scientific research, and it can also facilitate comparisons of the allometric-scaled thicknesses of the lateral abdominal muscles between different studies. Jensen et al 23 claimed that in these types of studies, the participant group should number more than 100 (as in this study); thus, it is not proper to prepare exact allometric parameters for a study in which the number of participants is less than 100. It is also not proper to assess the allometric parameters from all raw data because the results between different studies could not be compared.
The main limitation of this study was that the results may not be generalizable to athletes who play sports other than football, since a homogeneous sample of male football players was enrolled. Thus, the generalizability of this study's derived allometric parameters for normalizing lateral abdominal muscle thickness measurements to body mass in other adolescent athletes (including female athletes) requires further investigation.
Conclusions
Significant positive correlations exist between body mass and lateral abdominal muscle thickness in adolescent athletes, whereas normalized lateral abdominal muscles (on the basis of allometric parameters) result in no correlation with body mass. In adolescent athletes, the allometric parameters for OE, OI, and TrA muscle thickness were 0.77, 0.67, and 0.61, respectively. An identical allometric parameter for the TrA muscle in adolescent athletes and a general adolescent population (assessed in a prior published article 19 ) allows comparisons of the TrA muscles between these groups without the confounding effects of body mass.
In further research, it is recommended that the allometric-scaled thickness should be presented in addition to the actual thickness of the lateral abdominal muscles. Such allometric-scaled thickness (expressed as a thickness per kilogram raised to a constant allometric parameter) results in a more detailed analysis of the thickness disproportions in different cases because such disproportions will not be explained by body mass as it commonly occurs in scientific research.
